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© Phase-locked-loop cicult and bit-detection arrangement comprising such a phase-locked-loop 
circuit 



© A digital phase-locked-loop circuit is revealed for 
deriving from a sequence of samples (Ji, ... J20) of a 
band-limited data signal (Vt) the phase of the data 
signal at the sampling instants. The circuit com- 
*J prises a discrete-time oscillator 10 for generating a 
^sequence of phase values (Ft, ... F20) which charac- 
COterise a periodic signal (Vkl) which varies as a linear 
£2 function of time between two constant limit values 
(E, -E). The frequency of the signal (Vk1) character- 
CMized by the phase value is proportional to a control 
Rvalue (I). 

An interpolation circuit (2) derives from the sam- 
Opes (j,, ... j 20 ) the relative positions (tf/T) occupied 
ft bv the detection-level crossings of the data signal 
LU (Vt) relative to the sampling instants. A phase detec- 
tor (3) derives the difference (AF) between the actual 
phase of the data signal (Vt) and the phase as 



indicated by the phase values (F) from said relative 
positions (tf/T) and the phase values (F). By means 
of a digital sequential filter (9) the discrete-time 
oscillator (10) is controlled in such a way that said 
phase difference remains substantially zero. More- 
over, a bit-detection arrangement comprising the 
phase-locked-loop circuit is revealed. 
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Phase-locked-loop circuit and bit-detection arrangement comprising such a phase-locked-loop circuit 



The invention relates to a phase-locked-loop 
circuit for deriving from a sequence of samples of 
a band-limited data signal the phase of the data 
signal at the corresponding sampling instants, 
which circuit comprises signal-generating means 
for generating in synchronism with the samples a 
sequence of phase values characterizing a periodic 
signal which varies as a substantially linear function 
of time between two constant limit values with a 
frequency which proportional to a control value, 
means for deriving interpolation values from the 
samples by interpolation, which interpolation values 
indicate the relative positions with respect to the 
sampling instants of the instants at which the data 
signal crosses a detection-level, phase-comparison 
means for deriving from the phase values and the 
interpolation values a difference value which is 
indicative of the difference between the phase re- 
presented by the phase value and the actual phase 
of the data signal, and control means for controlling 
the signal-generating means depending on the dif- 
ference value in such a way that the phase in- 
dicated by the phase value is maintained substan- 
tially equal to the actual phase of the data signal. 

The invention further relates to a bit-detection 
arrangement for converting the sequence of sam- 
ples into a binary signal made up of bit cells, which 
bit-detection arrangement comprises such a phase- 
locked-loop circuit. 

Such circuits are known from European Patent 
Application EP 0,109,837. In the known phase- 
locked-loop circuit the signal-generating means for 
generating the sequence of phase values comprise 
a discrete-time oscillator, comprising a digital sum- 
ming circuit having a limited summing range, the 
phase value stored in the summing circuit being 
adapted by means of the control value. The range 
of the summing circuit corresponds to 360° and the 
control value is constant and corresponds to 180°. 
The sampling rate is substantially equal to twice 
the bit rate of the data signal, so that the periodic 
signal characterized by the phase value has a 
frequency substantially equal to the bit rate. Since 
the phase of the data signal at the instants of 
crossing of the detection-level is known (zero), the 
difference between the actual phase and the phase 
represented by the phase value can be determined 
after every detection-level crossing. After the dif- 
ference has been determined the phase value is 
adapted depending on this difference in such a 
way that after adaptation the phase represented by 
the phase value substantially corresponds to the 
actual phase. In this way the periodic signal char- 
acterized by the phase values and the data signal 
are locked in phase, so that at the sampling in- 



stants between the detection-level crossings the 
phase value supplied by the discrete-time oscillator 
is always representative of the phase of the data 
signal. Each time that the phase value has ex- 

5 ceeded a value corresponding to the phase "0" a 
bit-detection circuit detects a bit having a logic 
value dictated by the sign of the last sample. 

The said phase-locked-loop circuit and bit-de- 
tection circuit can be constructed entirely by 

io means of digital elements, which has the advan- 
tage that these circuits together with the digital 
circuits for processing the information, for example 
decoding circuits and error-correction circuits, can 
be integrated simply on one chip. 

75 However, the known circuits have the disadvan- 

tage that for a reliable bit detection the bit rate 
should be substantially equal to half the sampling 
rate. If the bit rate deviates from this value the 
phase shift between two successive samples no 

20 longer corresponds to 180°, so that the phase as 
represented by the phase value will deviate in- 
creasingly from the actuaJ phase as the time inter- 
val between successive detection-level crossing in- 
'.. creases, which may lead to erroneous bit detec- 

25 tions. 

It is an object of the invention to provide a 
phase-locked-loop -circuit .as defined in the opening 
paragraph, in which the the bit rate has a substan- 
tially smaller influence on the operation of the 
30 circuit 

According to the invention this object is 
achieved in that the phase-comparison means are 
adapted to determine a linear combination of the 
phase value and the product of the interpolation 
35 value and the control value in order to derive the 
difference value, the control means being con- 
structed to adapt the control value depending on 
the linear combination thus determined. 

By adapting the control value the frequency of 
40 the periodic function characterized by the phase 
value is always maintained equal to the bit rate. 
Moreover, the sensitivity of the phase-comparison 
means is independent of the bit rate, so that the 
control characteristic of the phase-locked-loop is 
46 also bit-rate independent which enables the control 
characteristic of the phase-locked-loop to be op- 
timised for a large range of bit rates. 

It is to be noted that European Patent Applica- 
tion EP 0 241 974 describes a digital phase- 
so locked-loop circuit in which the frequency of the 
function characterized by the phase values is also 
maintained equal to the bit rate. In this case the 
range of the discrete-time oscillator, which range is 
defined by the limit value, is adapted. However, 
this has the drawback that the number of bits 

» 
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required to represent the phase value is bit-rate 
dependent which leads to a comparatively com- 
plex discrete-time oscillator. Moreover, the frequen- 
cy correction of the signal characterized by the 
phase value is inversely proportional to the de- 
tected phase difference, which results in a non- 
linear transfer characteristic of the phase-locked- 
Ioop. In addition, the sensitivity of the employed 
phase-comparison means is bit-rate dependent re- 
sulting in a bit-rate dependent transfer characteris- 
tic of the phase-locked-Ioop. This has the disadvan- 
tage that the transfer characteristic can be op- 
timised for only one bit rate. 

Finally, in said phase-locked-Ioop circuit signifi- 
cant errors may occur in the detected phase dif- 
ference, which necessitates the use of additional 
correction circuits. 

In addition to. said digital phase-locked-Ioop 
circuit said European Patent Application 0,241 ,974 
describes another circuit in which the frequency of 
the periodic signal characterized by the phase val- 
ue is adjusted depending on the detected phase 
difference. However, the frequency of said periodic 
signal is now maintained equal to the difference in 
frequency between the bit rate and the sampling 
rate, enabling the circuit to be used only for bit 
rates between one time the sampling rate and two 
times the sampling rate. Moreover, the phase-de- 
tection sensitivity in this circuit is also bit-rate de- 
pendent and, moreover, additional correction cir- 
cuits are needed to provide a correction for errone- 
ously phase-difference detections. 

An embodiment of the phase-locked-Ioop cir- 
cuit is characterized in that the control means com- 
prise means for limiting the control value to values 
situated between a third and a fourth limit value, 
which limit values respectively correspond to a 
minimum and maximum permissible frequency of 
the periodic signal characterized by the phase val- 
ues. 

By limiting the control value it is achieved that 
the frequency of the signal characterized by the 
phase value can vary only within a limited' fre- 
quency range, which reduces the likelihood of a 
phase lock at an undesired frequency. 

The embodiments of the phase-locked-Ioop cir- 
cuit described above perform well. However, if the 
frequency component in the data signal to which 
the phase-locked-Ioop circuit locks drops out tem- 
porarily, for example as a result of a fault in the 
signal-transmission path, the frequency of the 
discrete-time oscillator is found to drift away very 
rapidly. This has the drawback that after the fault 
condition has ceased the phase-locked-Ioop circuit 
requires a comparatively long time to come back 
into lock, which leads to an undesirable loss of 
information. 

An embodiment of the circuit which mitigates 



this drawback is characterized in that the circuit 
comprises a correction circuit for correcting of the 
difference value AF, the relationship f between the 
corrected difference value AF and the original dif- 
s ference value substantially complying with: 
n-1 

E f(2* k/N + AF) = 0 

k = 1 

en 

10 k-1 

£ f' (2tt k/N + AF) - 0 
k=0 

where k and N are integers and where f is the 
derivative of the relationship f with respect to AF. 

75 This solution is based on the recognition of the 

fact that if said frequency component in the trans- 
mission signal drops out the average detected 
phase error AF is unequal to zero, so that the 
frequency of the discrete-time oscillator is 

20 changed. The average residual error of AF is caus- 
ed by the discrete nature of the discrete- time 
oscillator. This residual error is eliminated by add- 
ing the correction network. 

A function which complies with said require- 

25 ment imposed on the relationship between the cor- 
rected phase difference AF and the uncorrected 
phase difference AF is a sine function. The correc- 
tion circuit can be realised simply by means of a 
digital memory in which the relevant relationship is 

30 stored as a look-up table. 

An embodiment of the bit-detection arrange- 
ment is characterized in that the signal-generating 
means comprise a digital summing circuit for 
adapting an n-bit sum value by means of the 

35 control value in synchronism with the sampling- 
clock signal, the n-1 least significant bits represent- 
ing the phase values, and the bit-detection arrange- 
ment comprising means responsive to a change in 
logic value of the most significant bit of the sum 

40 value to generate a clock pulse of a bit-clock signal 
which is in synchronism with the binary signal. 

This embodiment has the advantage that the 
bit-clock signal is generated in a very simple and 
reliable manner. 

45 A further embodiment of the bit-detection ar- 

rangement is characterized in that the bit-detection 
arrangement comprises means for deriving the log- 
ic values of the bit cells from the signs of the 
samples at the instants at which the clock pulses of 

so the bit clock signal are generated and means for 
comparing the phase vaJue generated immediately 
after the detection-level crossing with the difference 
value and means for inverting the logic value of the 
associated bit cell depending on the result of the 

55 comparison. 

In this embodiment the logic values of the bit 
cells are detected in a simple manner, in such a 
way that erroneously detected logic values of the 
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bit cells the detection-level crossings are corrected. 

Embodiments of the phase-lockecHoop circuit 
and the bit-detection arrangement and the advan- 
tages thereof will be described in more detail with 
reference to Figs. 1 to 12, in which 

Figs. 1. 2, 5 and 7 by way of illustration 
show a number of signals occurring In the bit- 
detection arrangement as a function of time, 

Fig. 3 shows an embodiment of the bit- 
detection arrangement in accordance with the in- 
vention, 

Fig. 4 shows an example of a discrete-time 
oscillator intended for use in the bit-detection ar- 
rangement. 

Fig. 6 shows an example of an interpolation 
circuit for use in the bit-detection arrangement 

Fig. 8 shows circuits for deriving a bit clock 
signal and a signal representative of the logic val- 
ues of the detected bits. 

Fig. 9 shows a circuit for limiting the control 
value for the discrete-time oscillator, and 

Figs. 10, 11 and 12 by way of illustration 
show another embodiment of the phase-locked- 
loop circuit. 

Fig. 1a shows a sequence of equidistant sam- 
ples J1, ... J20 as a function of time, which sam- 
ples represent a n band-limited data signal Vt. Such 
a data signal can' be obtained, for example, from a 
read apparatus for 'reading digital information re- 
corded on a magnetic or optically readable record 
carrier. Such a signal comprises a plurality of bi- 
nary bit cells which are transmitted in synchronism 
with a channel clock and which are representative 
of the information being read. To recover the digital 
information the phase of the data signal at the 
sampling instants must be known. A digital phase- 
locked-loop circuit, to be described in detail 
hereinafter, generates a sequence of phase values 

F1 F20 (see Fig. 1b). which are representative 

of the phase of the data signal Vt at the sampling 
instants. This sequence of phase values character- 
izes a periodic signal Vkl which varies as a linear 
function of time between two limit values -E and 
+ E at a frequency equal to the bit rate of the data 
signal. The limit value + E corresponds to a phase 
of 180° and the value -E corresponds to the phase 
of -180°. By means of the phase-locked-loop circuit 
to be described hereinafter the crossings of the 
data signal with a detection-level Vref are made to 
coincide substantially with the crossings of the 
periodic signal Vkl with the zero level indicated by 
a line 1 . The digital information represented by the 
samples J1, .... J20 can be recovered simply by 
detecting the sign of the first sample taken after 
the step change of the periodic signal Vkl. Depend- 
ing on the sign of this sample a bit of a first a logic 
value (0) or of a second logic value (1) is detected 



(see Fig. 1c). 

A bit clock signal clo (see Fig. 1d) representing 
the instants at which a bit is detected can be 
derived from the sampling-clock signal ci (see Fig. 

s 1c) by selecting those pulses of the sampling- 
clock signal cl which represent the first sampling 
instant after the step change of the signal Vkl. 

It is to be noted that instead of the sample 
taken directly after the step change it is possible to 

10 use other samples for determining the logic value 
of the detected bit. such as for example the sam- 
ples situated nearest the step change. 

The phase lock between the data signal Vt and 
the function characterized by the phase value can 

75 be achieved by determining the phase difference 
between the data signal Vt and the periodic signal 
Vk1 at every crossing of the signal Vt with the 
detection level Vref and subsequently adapting the 
frequency of the signal Vk1 depending on the 

20 phase difference thus determined. How this phase 
difference is determined will be described in detail 
with reference to Fig. 2. 

For this purpose a measure of the difference 
between the position of the crossing 30 the data 

25 signal Vt the detection-level Vref and the position 
of the crossing 31 of the signal Vk1 with the line 1 
is derived from the values of the sampless J and 
the phase values F. 

The position 30 relative to the sample (J22) 

30 situated Just before the detection-level crossing can 
be determined simply by interpolation using the 
following relationship: 
tf/T=* |a/(a-b)| (1) 
where: 

35 tf is the time interval between the detection-level 
crossing 30 and the sampling instant (J22) imme- 
diately before this detection-level crossing, T is the 
sampling interval, 

a is the value of the sample (J22) situated directly 
40 before the detection-level crossing, and 

b is the value of the sample (J23) situated directly 

after the detection-level crossing. 

The position 31 relative to the sample directly 

preceding the detection-level crossing can be de- 
45 termined by the relationship: 

tf7T = -Ca/l (2) 

where: 

Ca corresponds to the phase value associated with 
the sample (J22) directly preceding the detection- 

50 level crossing, and 

I represents the difference between the two suc- 
cessive phase values F. 

A measure AF of the phase difference can be 
derived by means of the following relationship: 

55 AF = Ca + l.|a/(a-b)| (3) 

This measure AF is independent of the frequency 
of the signal Vk1. The advantage of this will be 
explained hereinafter. 
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Ftg. 3 shows a bit-detection arrangement in 
accordance with the invention. This bit-detection 
arrangement comprises a digital phase-locked-loop 
circuit, comprising an interpolation circuit 2, a 
phase detector 3, a sequential digital filter 9 and a 
discrete-time oscillator 10. The discrete-time os- 
cillator 10 generates the phase words F in synchro- 
nism with these samples. 

Fig. 4 shows an example of the discrete-time 
oscillator 10, which comprises an n-bit digital adder 
circuit 40 whose outputs are applied to an n-bit 
parallel-in parallel-out register 41 controlled by the 
sampling-clock signal cl. The outputs of the regis- 
ter are fed back to one of the inputs of the adder 
circuit 40. Moreover, a digital representation of I is 
applied to the adder circuit 40 via a bus 42. In 
response to every pulse of the sampling-clock sig- 
nal this circuit adapts the value represented by the 
output signal of the register 41 by the value I. The 
n-1 least significant bits on the output of the regis- 
ter 41 are applied to the phase detector 3. If the 
phase detector 3 is constructed to process numeri- 
cal values of the "two's-complement" numerical 
system the (n-l)th bit must be inverted by means 
of an inverter circuit 45 before it is applied to the 
phase detector 3. 

The values represented by the n-1 bits are 
given as a function of time in Fig. 5b. By way of 
illustration Fig. 5c shows the sampling-clock signal 
as a function of time. Fig. 5a shows the variation in 
time of the logic value of the most significant bit on 
the output of the register 41. As can be seen in 
Fig. 5. a change in logic value of the most signifi- 
cant bit (MSB) always indicates that the signal Vk1 
characterized by the phase values F has been 
subjected to a steplike change. The n-1 significant 
bits representing the phase values F are fed out via 
the bus 43. The signal representing the logic value 
of the most significant bit on the output of the 
register 41 is fed out via a signal line 44. 

Fig. 6 shows an example of the interpolation 
circuit 2 for determining the ratio tf/T. The inter- 
polation circuit 2 comprises two cascaded parallel- 
in parallel-out registers 60 and 61, which are con- 
trolled by the sampling-clock signal ci. The digital 
representations of the samples J are applied to the 
parallel inputs of the register 60 via a bus 62 in 
synchronism with the sampling-clock signal cl, so 
that always the digital representations of two suc- 
cessive samples J are available on the outputs of 
the registers 60 and 61. The outputs of the regis- 
ters 60 and 61 are applied to the address inputs of 
a memory 63, which for every combination of two 
digital representations of samples of opposite sign 
stores the corresponding digital representations of 
tf/T in the formed of a look up table. The digital 
representation of tf/T of the combination applied to 
the address inputs is output via the parallel outputs 



of the memory 63 and a bus 64. Moreover, the 
signal on the output of the register 60 which in- 
dicates the sign of the sample value stored (Le. the 
most significant bit) is fed out via a signal line 65. 

5 This signal is also applied to an input of an Exclu- 
sive OR gate 66. The signal representing the sign 
of the sample value stored in the register 61 is 
applied to the other input of said gate 66, so that 
the output signal of the OR gate 66 always in- 

io -dicates whether a detection-level crossing has oc- 
curred between the samples J whose values are 
stored in the registers 60 and 61. The output signal 
of the Exclusive-OR gate 66 is fed out via a signal 
line 67. 

is The digital representations of tf/T, I and the 

phase values F are applied to the phase detector 
via the buses 67, 43 and 42 respectively to derive 
the digital representation of the phase difference 
AF in conformity with the relationship (3). For this 

20 purpose the phase detector comprises a multiplier 
5 for multiplying the digital representation of tf/T by 
the digital representation of 1. The result of this 
multiplication is added to the digital representation 
of the phase value F by means of a digital adder 

25 circuit 6. The result of this adding operation is 
•loaded into a register 8 if the load-control signal of 
the register 8 applied via the signal line 67 in- 
dicates that a detection- level crossing has oc- 
curred. The output signal of the register 8 is ap- 

30 plied to the sequential digital filter 9. The signal 
filtered by means of the filter 9 is representative of 
the value I applied as control value to the discrete- 
time oscillator 10 and to the phase detector 2 via 
the bus 42. The open-loop transfer function H1(z) 

35 of the digital phase-locked-loop circuit comprising 
the interpolation circuit 2, the phase detector 3, the 
filter 9 and the discrete-time oscillator 10 character- 
izes the control behaviour of the phase-locked-loop. 
This transfer function may be expressed as follows 

40 in the z-domain: 

Hl(z) = Hf(z).Ho(z).K, where 

Hf(z) is the transfer function of the digital sequential 

filter 9, 

Ho(z) is the transfer function of the discrete-time 

45 oscillator 10, and 

K is the sensitivity of the phase detector 3. 

It is to be noted that the transfer functions of 
the filter 9 and the discrete-time oscillator 10 and 
the sensitivity K are all independent of the bit rate 

so of data signal Vt. so that the control characteristic 
of the phase-locked-loop will not change when the 
bit rate changes, which has the advantage that the 
control behaviour can be optimized for a large 
range of bit rates by a suitable choice of the 

55 transfer function of the loop filter. 

In the phase-locked-loop described in the fore- 
going the signs of the data signal Vt at the instants 
at which the signal Vt exhibits a step change repre- 
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sent the logic values of the successive bits repre- 
sented by the data signal Vt. Indeed, these step 
changes represent the centres of the bit cells of 
the data signal Vt. However, the signal values of 
the signal Vk1 and signal values of the data signal 5 
are available exclusively at the sampling instants. 
The logic values of the bits, however, can also be 
derived from signs of the samples immediately 
following the step changes of the signal Vkl. How- 
ever, the sign of this sample does not always to 
correspond to the sign of the data signal Vt at the 
instant of the step change in the signal Vkl. As is 
apparent from Fig. 7a, the sign of the sample 
bearing the reference numeral 70 differs from the 
sign of the data signal at the instant tl at which the 75 
step change has occurred. Indeed, between the 
step change and the sample 70 the data signal Vt 
has crossed the detection-level. Such a crossing 
can be detected by comparing the signal value hi 
of the signal Vk1 at the instant at which the data 20 
signal Vt crosses the reference level with the phase 
value h2 at the sampling instant immediately after 
the step change. If the value h2 is larger than or 
equal to the value hi. the sign of the sample 
immediately following the step change will be op- 25 
posite to the sign of the data signal Vt at the 
^instant of the step change. However, if the value h2 
"is'smaller than the value hi the sigh of the sample 
directly following the step change will be equal to 
f tfie sign of the data signal Vt at the instant of the 30 
step change. This is illustrated in Fig. 7b. Con- 
sequently, for determining the logic value of the 
detected bit it is always possible to use the sign of 
the sample directly following the step change pro- 
vided that the logic value thus detected is inverted 35 
if the value hi is smaller than h2. Since the value 
of hi corresponds to the phase difference AF de- 
termined by the phase detector 3 a comparison 
between hi and h2 can be carried out simply. Rg. 
8a shows an example of a circuit for determining 40 
the signal Vo indicating the running value of the 
detected bits. The circuit 11a comprises a com- 
parator circuit 80 for comparing the value hi with 
the value h2. For this purpose the input of the 
comparator circuit are coupled to buses 70 and 71. 45 
The digital representation of AF corresponding the 
value hi is applied via the bus 70. The output 
signals of the register 60, which are representative 
of the value h2. are applied to the comparator 
circuit 80 via the bus 71 . The comparator circuit 80 so 
supplies a logic "1 " signal if the value h2 is greater 
than hi. This signal is applied to one of the inputs 
of a two-input AND gate 81 . The other input of the 
AND gate 81 is connected to the signal line 67, so 
that the AND gate 81 produces a logic w 1 w signal 55 
on its output after detection of a detection level 
crossing for which the value h2 is greater than the 
value hi. This signal is applied to an Exclusive OR 



gate 82. The logic signal representing the sign of 
the sample value stored in the register 60 is ap- 
plied to the other input of the Exclusive OR-gate 
82, the logic signal Vo' representing the sign of the 
sample then being transferred to the output of the 
Exclusive-OR gate 82. Only if the output signal of 
the AND gate 81 is a logic "1 n to indicate that h2 is 
greater than hi when a detection-level crossing is 
detected the signal Vo' is transferred to the output 
in inverted form, so that the signal Vo on the output 
of the Exclusive OR-gate 82 always indicates the 
correct logic values of the detected bits. By way of 
illustration Figs. 7a and 7b also show the signal Vo 
and Vo'. 

Rg. 8b shows a circuit 11b for deriving the bit 
clock signal do. The signal representing the most 
significant bit of the digital signal on the output of 
the register 41 is applied to the circuit 11b via the 
signal line 44. As already described with reference 
to Rg. 5 the logic value of this signal changes of 
every step change of the signal Vkl, so that by 
comparison of the logic values of this signal at two 
successive sampling Instants it is possible to de- 
tect whether the signal Vk1 exhibits a step change 
between these two sampling instants. To detect the 
step change the circuit 11b comprises a flip-flop 83 
controlled by the sampling-clock signal cl for de- 
laying the signal applied via the signal line ; .4£ by 
one sampling interval T. The delayed signal oh; the 
output of the flip-flop 83 and the signal on; the 
signal line 44 are both applied to an "Exclusive OR 
gate 84. The output signal of the gate 84 con- 
sequently always indicates whether a step change 
has occurred in the signal Vkl. The output signal of 
the gate 84 is applied to an input of a two-input 
AND gate 85. The sampling-clock signal cl is ap- 
plied to the other input of the AND gate 85, so that 
after every step change of the signal Vkl one pulse 
of the sampling-clock signal cl is transferred to the 
output of the AND gate 85. The output signal of the 
AND gate 85 serves as the bit clock signal cio. 

It is desirable that the phase-locked-loop circuit 
does not lock to an incorrect frequency, for exam- 
ple an upper or lower harmonic of the bit rate. The 
likelihood of incorrect locking can be minimised by 
limiting the control value I of the discrete-time 
oscillator 10 to values between a minimum Imin 
and a maximum Imax. Indeed, the frequency of the 
discrete-time oscillator 10 is directly proportional to 
the control value I so that by limiting 1 the fre- 
quency range of the discrete-time oscillator is also 
limited. Thus, it becomes impossible for the phase- 
locked-loop circuit to lock to a frequency outside 
said frequency range. 

Fig. 9 shows a circuit for limiting the control 
value 1. The circuit can be arranged between the 
output of the filter 9 and the bus 42. The circuit 
comprises two comparator circuits 90 and 91 for 
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comparing the output signal of the filter 9 with a 
lower limit Imin and an upper limit Imax respec- 
tively. 

The circuit further comprises a three-channel 
multiplex circuit 92, to which the output signals of 
the filter 9 and the digital representations of Imax 
and Imin are applied. The multiplex circuit 92 is 
controlled by the output signals of the comparator 
circuits 90 and 91 . which signals are representative 
of the results of the comparisons performed by the 
comparator circuits 90 and 91 . The multiplex circuit 
92 is constructed in such a way that if the output 
signal of the comparator circuit 90 indicates that 
the output signal of the filter 9 is larger than Imax 
the digital representation of Imax is transferred to 
the output of the multiplex circuit 92. If the output 
signal of the comparator circuit 91 indicates that 
the output signal of the filter 9 is smaller than Imin 
the digital representation of Imin is transferred to 
the output of the multiplex circuit 92. In the other 
cases the output signal of the filter is transferred to 
the output of the multiplex circuit 92. 

The invention is not limited to the embodiment 
shown herein. For example, instead of the adder 
circuit 6 a subtractor circuit can be used if the sign 
of the relationship between the phase values F and 
the control value I is opposite to the sign in the 
present embodiment Moreover, an amplifier having 
a predetermined gain or an attenuator having a 
predetermined attenuation may be arranged be- 
tween the output of the discrete-time oscillator 10 
and the adder circuit 6, for example, to adapt the 
loop gain of the phase-locked loop. 

The essential feature is that the signal value 
AF is a linear combination of the value F and the 
product of the control value I and the value tf/T. 

The digital phase-locked-loop circuit described 
in the foregoing performs satisfactorily provided 
that the data signal represented by the samples J 
comprises a frequency component to which the 
phase-locked-loop can lock. 

Should this frequency component of the input 
signal be missing for a specific time interval, for 
example as a result of a fault condition in the signal 
transmission path, the frequency of the discrete- 
time oscillator will be found to drift very rapidly. 
This has the drawback that at the instant at which 
the fault condition ceases this frequency may differ 
considerably from the frequency component to 
which the loop should lock. The phase-locked-loop 
should then lock in again, which takes a compara- 
tively long time and which consequently leads to 
an unnecessary loss of information. 

The cause of this rapid change in frequency of 
the discrete-time oscillator will be explained 
hereinafter. The phase error AF is determined the 
phase detector 3 in conformity with the aforemen- 
tioned relationship (3): 



AF = Ca + l|a/(a - b)| 

This relationship comprises two terms, namely: 

- the term l.|a/(a-b)|, and 

- the term Ca. 

5 The term l.|a(a-b)| t representing the phase of 

the frequency component in the information signal, 
is fully arbitrary if said frequency component is 
missing, so that this term averages zero. 

The value Ca, representing the value of the 

10 discrete-time oscillator output at the sampling in- 
stant which directly precedes a detection-level 
crossing, however need not have an average value 
of zero. 

If the frequency component in the input signal 
is is missing the average value of Ca is equal to the 
average value of the output signal of the discrete- 
time oscillator. It is now assumed that the fre- 
quency fDTO of the discrete-time oscillator com- 
plies with the following relationship: 
20 fDTO = N/M . sampling rate 
where N and M are integers. 

In that case the discrete-time oscillator will 
traverse the entire range exactly N times in M 
samples. 

25 Fig. 10 gives the three successive values Fi, 

F2* and F 3 within one period of the discrete-time 
oscillator in the case that N is 1 and M is 3. It is 
evident that in the situation illustrated in Fig. 3 the 
output of the discrete-time oscillator has a non-zero 

30 average. If the frequency component in the data 
signal drops out the average value of the output 
signal AF will therefore also be unequal to zero, so 
that the frequency of the discrete-time oscillator 
will drift and the phase-locked-loop will act to re- 

35 store the average value of the AF to zero by 
adaptation of the frequency of the discrete-time 
oscillator. 

This undesired control action can be avoided 
by adapting the phase detector to have such a 

40 phase characteristic that the average phase error is 
substantially zero. This can be achieved very sim- 
ply by the use of a correction circuit 100 (see Fig. 
11) which is arranged between the output of the 
summing circuit 6 and the loop filter and which has 

45 a non-linear transfer function f(AF) which complies 
with 
n-1 

£ f (27rk/N + AF) = 0 (4) 
k = 0 
50 and 
n-1 

Z f ' (27rk/N + AF) = 0 (5) 
k = 0 

where f is the derivative of f with respect to Af. 
55 The above requirement is met by 

f(AF) = sin (AF) (6) 

Fig. 12 is a graph of relationship (6). The 
correction circuit 100 can be realised very simply, 
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for example by means of a digital memory in which 
the function f(AF) is stored in the form of a look-up 
table and whose address inputs are coupled to the 
output of the phase detector 3. 

It will be evident that in such a correction 
circuit in the form of a memory the function f(AF) 
cannot be approximated to exactly as a result of 
quantisation errors. However, this need not be a 
problem if the quantisation errors remain small 
enough to reduce the undesirable drift in the fre- 
quency of the discrete-time oscillator to an accept- 
able minimum. 

The invention has been illustrated for a "hard- 
wired" circuit However, it will be obvious to those 
skilled in the art that the circuit in accordance with 
the invention can also be realised by means of 
programmable circuits. 



Claims 

1 . A phase-locked-ioop circuit for deriving from 
a sequence of samples of a band-limited data 
signal the phase of the data signal at the cor- 
responding sampling instants, which circuit com- 
prises signal-generating means for generating in 
synchronism with the samples a sequence of 
phase values characterizing a periodic signal which 
varies as a substantially linear function of time 
between two constant limit values with a frequency 
which proportional to a control value, means for 
deriving interpolation values from the samples by 
interpolation, which interpolation values indicate the 
relative positions with respect to the sampling in- 
stants of the instants at which the data signal 
crosses a detection-level, phase-comparison 
means for deriving from the phase values and the 
interpolation values a difference value which is 
indicative of the difference between the phase re- 
presented by the phase value and the actual phase 
of the data signal, and control means for controlling 
the signal-generating means depending on the dif- 
ference value in such a way that the phase in- 
dicated by the phase value is maintained substan- 
tially equal to the actual phase of the data signal, 
characterized in that the phase-comparison means 
are adapted to determine a linear combination of 
the phase value and the product of the interpolation 
value and the control value in order to derive the 
difference value, the control means being con- 
structed to adapt the control value depending on 
the linear combination thus determined. 

2. A circuit as claimed in Claim 1, character- 
ized in that for determing the correction value the 
phase-comparison means comprise a multiplier for 
multiplying the control value by the interpolation 



value and an adder circuit for determining the 
linear combination of the multiplication result and 
the phase value. 

3. A circuit as claimed in Claim 1. character- 
5 ized in that adapting the control value the control 

means comprise a sequential filter which is con- 
trolled in synchronism with the sampling-clock sig- 
nal. 

4. A circuit as claimed in any one of the 
io preceding Claims, characterized in that the control 

means comprise means for limiting the control val- 
ue to values situated between a third and a fourth 
limit value, which limit values respectively corre- 
spond to a minimum and a maximum permissible 
;s frequency of the periodic signal characterized by 
the phase values. 

5. A circuit as claimed in any one of the Claims 
1 to 4, characterized in that the circuit comprises a 
correction circuit for correcting the difference value 

20 AF, the relationship f between the corrected dif- 
ference value AF and the original difference value 
substantially complying with: 
n-1 

E f(27r k/N + AF) = 0 
25 k = 1 
en 
k-1 

E t\2ir k/N + AF) - 0 u 
k = 0 

so where k and N are integers and where f is the 
derivative of the relationship f with respect to AF. 

6. A circuit as claimed in Claim 5, character- 
ized in that the relationship is a sine function. 

7. A circuit as claimed in Claim 5 or 6, char- 
35 acterized in that the correction circuit comprises a 

digital memory in which the relationship f is stored 
as a look-up table. *-/ 

8. A bit-detection arrangement for converting 
the sequence of samples into a binary signal made 

40 up of bit cells, which bit-detection arrangement 
comprises a circuit as claimed- in any one of the 
preceding Claims and a circuit for deriving the 
logic values of the bit ceils from the values of the 
samples and the phase values. 

46 9. A bit-detection circuit as claimed in Claim 8, 

characterized in that the signal-generating means 
comprise a digital summing circuit for adapting an 
n-bit sum value by means of the reference value in 
synchronism with the sampling-clock signal, the n- 

50 1 least significant bits representing the phase val- 
ues, and the bit-detection arrangement comprising 
means responsive to a change in logic value of the 
most significant bit of the sum value to generate a 
clock pulse of a bit-clock signal which is in syn- 

55 chronism with the binary signal. 

10. A bit-detection arrangement as claimed in 
Claim 9, characterized in that the bit-detection ar- 
rangement comprises means for deriving the logic 
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values of the bit cells from the signs of the sam- 
ples at the instants at which the clock pulses of the 
bit-clock signal are generated and means for com- 
paring the phase value generated immediately after 
the detection-level crossing with the difference val- s 
ue and means for inverting the logic value of the 
associated bit cell depending on the result of the 
comparion. 

10 



15 



20 



25 



30 



35 



40 



45 



SO 



9 



EP 0 342 736 A1 




1-3T-PHN 12553 



EP 0 342 736 A1 




J23 X -^ 



F24 



J24 



-E 



♦E 




FIG.3 



2-Z2C-PHN 12553 



Eh* U W£ (30 mi 




3-2E-PHN 12553 



EP 0 342 736 A1 




4-^L-PHN 12553 



EP 0 342 736 A1 



70 „ 

AF=±=£H h 1 




FIG.8a 



MSB 



lib 
84 



cl 



~ FIGflb 

85 



I max 




5-HH-PHN 12553 



EP 0 342 736 A1 




F 1 6.12 



J 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 



EP 89 20 1181 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION Gnt. CI 4) 



A,D 

A,D 

A 
A 



EP-A-0 109 837 (SONY) 

* Page 2, line 15 - page 9, line 23; 
figures 1-5 * 

EP-A-0 241 974 (PHILIPS) 

* Page 2, line 44 - page 6, line 47; 
figures 1-10 * 

US-A-3 878 473 (FURTNEY) 

US-A-4 712 223 (NELSON) 



H 03 L 7/08 



TECHNICAL FIELDS. 
SEARCHED (Int. C1.4) , 



H 03 L 



The present search report has been drawn up for aD claims 



Place of search 

THE HAGUE 



Date of completion of t h 

27-08-1989 



DHONDT I.E.E. 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant if taken alone 

Y : particularly relevant if combined with another 

document of the same category 
A : technological background 
O : non-written disclosure 
P : Intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document, but published on, or 

after the filing date 
D : document cited in the application 
L : document cited for other reasons 

& : member of the same patent family, corresponding 
document 



This Pag 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original, 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 



p3 COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 



^ BLACK BORDERS 

"T^ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 
£J FADED TEXT OR DRAWING 



□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 



□ SKEWED/SLANTED IMAGES 




This Page Blank (uspto) 



